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Introduction
Root exudates refer to organic compounds actively or passively released from plant roots to the surrounding rhizosphere under specific conditions. Exudates include some low molecular weight compounds such as organic acids, sugars, phenols, and amino acids (Malandrino et al., 2011) . Some high molecular weight organic compounds such as proteins and mucus are also present in exudates (Dijkstra and Cheng, 2007) . Studies have shown that root exudates influence soil material cycling by changing the physical and chemical properties of soil (Materechera et al., 1992; Oades, 2010) . Root exudates are affected by plant nutrient uptake Dinkelaker et al., 2010) . They are involved plant signal transduction (Peters et al., 1986; Akiyama et al., 2005) , and they interact with rhizospheric microorganisms (Bardgett et al., 2005; Singh and Mukerji, 2006) . Root exudates significantly change the abundance and activity of soil microorganisms, thereby profoundly affecting organic matter decomposition and nutrient metabolism in the rhizosphere (Phillips et al., 2009; Yin et al., 2013) . Root exudates play important roles in the regulation of soil nutrient transformation. These findings were based on analysis of the composition of root exudates. Thus, analysis of composition of root exudates is of great significance.
Research related to identification of the compositions of root exudates have focused mainly on sugars, amino acids and organic acids (Kuo et al., 1982; Zhen et al., 2004; Sandnes et al., 2005; Kerdchoechuen, 2005; Chang et al., 2008; García et al., 2010; Carvalhais et al., 2011) . Thus, there is dearth of information on other components of exudates. There is need for a comprehensive analysis of the composition and trends of root exudates because they vary in types and amounts under different treatment conditions. In addition, many factors influence the composition of root exudates. These include forest type, tree species, environmental conditions, and soil nutrient availability Fransson and Johansson, 2010; Shi et al., 2011) . Water culture collection method has been widely used for the collection of root exudates because it is simple to implement, and it reflects changes in certain root secretions to a certain extent, while eliminating interference from soil microorganisms (Phillips et al., 2006) . However, the influence of collection time on water culture collection method for the analysis of root exudates has not been investigated. Recent studies have employed collection times of 6, 12, 18, and 24 h (Li et al., 2014; Liu et al., 2016) . The compositions of root exudates have also been shown to change as a function of collection time (Bowsher et al., 2015) . This is so because plants and the environment change over time in ways that affect the results of compositional analysis of root exudates. However, no studies have so far been carried out on the trends of changes in compositions of root exudates over time. Currently, studies on root exudates have concentrated mostly on qualitative analysis, with only few reports on quantitative studies. Qualitative analysis usually involves the use of various solvents to extract root exudates, and carrying out analysis using gas chromatography (GC) or gas chromatography-mass spectrometer (GC-MS). However, these methods may seriously affect the accuracy of the analysis. Quantitative analysis often involves the use of amino acid analyzer (for amino acids), high performance liquid chromatography (for organic acids), and anthrone reagent and phenol-sulfuric acid colorimetric assays (for sugars) (Xiao et al., 2015; Zhang et al., 2016; Wang et al., 2016) . The accuracy and limits of detection of these methods are poor, and they lack specificity. Thus, the quantitative results are not reliable and credible. In recent years, GC-MS, ultra-performance liquid chromatography (UPLC), high performance ion chromatography (HPIC), metabolomics, and other related hi-tech methods have been widely used. These methods have the advantages of high accuracy and precision, and low detection limits, and they provide rapid analysis within relatively wide linear ranges (Rissanen et al., 2006; Kajos et al., 2015; Dietrich et al., 2016; Gargallogarriga et al., 2017) . However, few studies and applications exist based on these methods for the analysis of root exudates. Therefore, it is necessary to use these methods for the analysis of root exudates.
Previous studies related to root exudates have mainly concentrated on short-growingperiod plants such as crops and vegetables (Venkatasubbarao and NoriharuAe, 1997; Paynel et al., 2001; Luo et al., 2014) , while similar studies on perennial forest species are rare. Fraxinus mandshurica (F. mandshurica), an important afforestation tree species with high ecological and economic value in Northeast China, has roots with welldeveloped branching structure (Mei et al., 2006; Ren et al., 2010) . It is suitable for the study of root biology, especially in the determination and analysis of root exudates, and it has a certain level of practical significance. Therefore, in this study, the root exudates of F. mandshurica in the cold forests of northeastern China were qualitatively analyzed
The GC-MS analysis preprocessing methods
Next, qualitative and metabolite analyses of the root exudates were carried out using GC-MS analysis in accordance with the method of Suzuki et al. (2009) , with a slight modification. First, freeze-dried root exudates were added to a cold methanol: water = 4:1 solution (1 mL). This was blown to dryness with nitrogen. Then, 20 μL of internal standard (L-2-chlorobenzene alanine, 0.3 mg/mL, configuration of methanol) was added. This was then mixed with 600 μL methanol-acetonitrile (2:1) and stirred for 30 sec. The root exudates were extracted after 10 min in an ice water bath with an ultrasonic cleaning machine (Ji Ning SIONBEST Biology Machinery Co., Ltd., Shandong, China). Next, samples were centrifuged for 15 min at 13000 rpm and at temperature of 4°C. Then, 500 μL supernatant was loaded into a glass derivative bottle, and the samples were dried with a centrifuge drying apparatus (Labconco Corporation, Kansas, Missouri, USA). Thereafter, 80 μL of 15 g/L methoxyamine hydrochloride pyridine was added and allowed to react for 90 min, with oscillation of the reaction mixture at 37°C. Next, 80 μL bis(trimethylsilyl)trifluoroacetamide (1% trimethylchlorosilane) was added and allowed to react with the oxime reaction for 60 min at 70°C, accompanied with http://www. (Young et al., 2010) . Finally, the samples were filtered into GC sample bottles using a filter membrane (Pall Corporation., New York, USA) (0.45 μm), and used in the metabolomic analysis with GC-MS.
Chromatographic conditions for GC-MS analysis
A GC-MS analyzer 7890A-5975C (Agilent, Santa Clara, CA, USA) and an HP-5MS capillary chromatographic column (30 m × 0.25 mm × 0.25 μm, Agilent J&W Scientific, Folsom, CA, USA) were used for GC analysis. The initial temperature of the chromatographic column was 60°C, and it was ramped up to 310°C at the rate of 8°C/min, and held for 6 min. Sample volume was 1 μL, inlet temperature was 260°C, and high purity helium was used as carrier gas at a flow rate of 1.0 mL/min. Electric impact was used as ion (EI) and the ion source temperature was 230°C. Quadrupole temperature was 150°C, and the electron energy was 70 eV. The scanning square was full scan mode (SCAN), and the quality scanning range was 50-600 m/z. Continuous sample analysis was carried out in random order to avoid the influence caused by fluctuation in the instrument signal.
Metabolite identification and integration of data matrix
The original data of GC/MS (D format) was converted to general format (CDF format) through Chem Station analysis software (Version E.02.02.1431, Agilent, USA), and the data pre-processing used Chroma TOF software (Version 4.34, LECO, St Joseph, MI, USA). It included peak extraction, noise elimination and deconvolution, and used the standards of the US National Institute of Standards and Technology and the Fiehn database to identify metabolites. Finally, peak alignment was performed, and 3D data matrix (original data matrix) in CSV format was derived.
Methods used for metabolite data analysis
The metabolite content was used as X variable. Then, a matrix was established and imported into SIMCA-P 14.1 (Umea, Sweden) software for multivariate statistical analysis. The clustering was analyzed using PCA (principal component analysis, PCA). Then, a reliable statistical analysis model was established using partial least-squares discriminant analysis (PLS-DA) which searched for significant differences between samples taken at different time points, and identified which biomarkers were useful for classification. The reliability of the model was evaluated using the explanatory power of model to variables (R2) and predictive ability (Q2), while the fit of the model was assessed using overfitting evaluation index R2-and Q2-intercepts. Significant differences between metabolites was determined using loading plot of PLS-DA and the Variable Importance for the Projection (VIP). The biomarker was VIP>1.
Analysis of amino acid content
The amino acid content was analyzed with UPLC. The amino acids were derivatized using o-phthaldialdehyde and fluorenylmethyl chloroformate, and qualitative analysis was carried out through the retention times of chromatographic peaks, while quantitative analysis was done using external standard method. Freeze-dried root exudates were used for analysis of amino acid targets, with addition of deionized water (1 mL) under http://www.aloki.hu • ISSN 1589 1623 (Print) • ISSN 1785 0037 (Online) DOI: http://dx.doi.org/10.15666/aeer/1704_95299545  2019, ALÖKI Kft., Budapest, Hungary ultrasonic conditions. After centrifugation for 10 min at 12000 rpm, it was filtered through a 20 μm filter membrane.
Preparation amino acid standard samples
Amino acid standard (1 mL, 1000 pmol/µL) was divided into ten parts (100 µL). The standard contained aspartic acid (Asp), glutamic acid (Glu), asparagine (Asn), serine (Ser), glutamine (Gln), histidine (His), glycine (Gly), threonine (Thr), arginine (Arg), alanine (Ala), tyrosine (Tyr), valine (Val), methionine (Met), tryptophan (Trp), phenylalanine (Phe), isoleucine (Ile), leucine (Leu), lysine (Lys), and proline (Pro). Amino acid supplement solution I was prepared by weighing Asn (237.8 mg), hydroxyproline (236 mg), Glu (263.08 mg) and Trp (367.8 mg) into a measuring flask (100 mL), and adding 0.1 M hydrochloric acid (50 mL). The amino acids were dissolved under ultrasonic conditions, and then diluted to scale with deionized water. Amino acid supplement solution II was prepared by dissolving norvaline (234.32 mg) in 100 mL of 0.1 M HCL in a 200 mL measuring flask, under ultrasonic conditions and then diluting to scale with deionized water. This solution was used as an internal standard solution. The mixed standard solution was prepared by mixing amino acid supplement solutions I and II (10 µL of each). The mixture was vortexed using a vortex vibration instrument (Shanghai Jingke Industrial Co., Ltd., Shanghai, China). The mixed standard solution was diluted to 1:1000, 5:1000, 10:1000, 100:1000, 200:1000, 500:1000, and 1000:1000 to generate gradient concentrations of each amino acid standard i.e. 1 nmol/mL, 5 nmol/mL, 10 nmol/mL, 100 nmol/mL, 200 nmol/mL, 500 nmol/mL, and 1000 nmol/mL, respectively.
UPLC detection method
Model U3000 DGLC UPLC analyzer (Thermo Fisher Scientific, Waltham, MA, USA) and Advance Bio AAA C18 chromatographic column (4.6×100 mm, 2.7 µm, Agilent J&W Scientific, Folsom, CA, USA) were used for amino acid analysis. The automatic sampler program involved valve switch to bypass 6 sec after sample injection. The sample (1.0 µL) and borate buffer (2.5 µL) were mixed five times at the cleaning mouth (3.5 µL), and after 12 sec, o-phthaldialdehyde (0.5 µL) was added, and mixed ten times at cleaning mouth (4.0 µL). Next, fluorenylmethyl chloroformate (0.4 µL) was added and mixed ten times at cleaning mouth (4.4 µL), followed with addition of doubledistilled water (ddH2O) (15.6 µL) and mixing eight times at cleaning mouth (20 µL). Finally, the sample was injected into the chromatographic column. The chromatographic conditions were: column temperature of 40°C and flow rate of 1.5 ml/min. Mobile phase A was 10 mM sodium hydrogen phosphate and 10 mM sodium borate solution, with pH adjusted to 8 
Target analysis method for sugars
Sugars were analyzed using HPIC. First, the sugars were separated in an anion exchange column and detected with a pulse integral amperometric detector (Thermo Fisher). The retention time of chromatographic peaks were determined, and quantitative analysis were carried out using the external standard method. Freeze-dried root exudates were used for sugar target analysis, which involved adding deionized water (1 mL) under ultrasonic conditions, centrifugation for 10 min at 12,000 rpm, and filtration through a 20-μm filter membrane.
Preparation of standard sugar solutions
First, 100 mg of each sugar was dissolved in 10 mL of deionized water, and the solution was diluted 100 times. The sugar standards used were fucose (fuc), arabinose (ara), galactose (gal), glucose (glc), xylose (xyl), mannose (man), fructose (fru), ribose (rib), galacturonic acid (gal-AC), and glucuronic acid (glc-AC). The concentration of the standard solution was 100 μg/mL. Each mixed standard solution was diluted at ratios of 1:100, 5:100, 10:100, 20:100, 30:100, 40:100, 50:100, and 60:100, so that the concentration of each sugar standard after dilution was 1 μg/mL, 5 μg/mL, 10 μg/mL, 20 μg/mL, 30 μg/mL, 40 μg/mL, and 60 μg/mL, respectively.
HPIC detection method
An ICS5000 HPIC analyzer (Thermo Fisher) and Dionex™ CarboPac™ PA20 (3.0×150 mm, Thermo Fisher) were used for the analysis of sugars, along with an electrochemical detector at a flow rate of 0.5 ml/min. Mobile phase A was double distilled ddH2O, while mobile phase B was 200 mM NaOH, and mobile phase C was 200 mM NaOH:500 mM NaAC. The gradient program was 97.5% A + 2.5% B for 0-25 min; 77.5% A + 2.5% B + 20% C for 25.0-40 min; 100% C for 40.0-50 min; and 97.5% A + 2.5% B for 50.0-60 min. Chameleon software (7.2) was used for data analysis and final data collation.
Organic acid analysis method
Organic acid contents were determined using HPIC. The organic acids were separated with AS11 HC. Qualitative analysis was done by measuring the retention time of chromatographic peaks, while quantitative analysis was done using external standard method. Freeze-dried root exudates were used for organic acid target analysis after addition of deionized water (1 mL) under ultrasonic conditions, centrifugation for 10 min at 12,000 rpm, and filtration through a 20-μm filter membrane.
Preparation of standard solutions of organic acids
Standard solutions were prepared for lactic, acetic, propionic, formic, isobutyric, butyrate, isovalerate, valerate, isohexadecanoic, hexadecanoic, palmitic, succinic, tartaric, and oxalic acids by dissolving 100 mg of each organic acid in 10 mL of deionized water and diluting the resultant solution 100 times. The concentration of each standard solution was 100 μg/mL. Serial dilutions of each standard solution were prepared at ratios of 1:100, 5:100, 10:100, 20;100, 30;100, 40;100, 50;100, and 60;00 to yield organic acid standard concentrations of 1 μg/mL, 5 μg/mL, 10 μg/mL, 20 μg/mL, 30 
HPIC detection method
An ICS5000 HPIC analyzer (Thermo Fisher), an AS11 HC Dionex™ (4.0×250 mm, Thermo Fisher), and an AS11 HC Guard (4.0×50 mm, Thermo Fisher) were used for organic acid analysis with an electrochemical detector, flow rate of 1.0 ml/min, and column temperature of 30°C. Mobile phase A was ddH2O (18.2MΩ Pall, USA), while mobile phase B was 100 mM KOH (HPLC, Sigma, USA). The gradient elution program was 2.0% B for 0-15 min; 15% B for 15-30 min; 40% B for 30-40 min; 50% B for 40-45 min; and 2.0% B for 45-53 min. Chameleon software (7.2) was used for data analysis and collation of final data.
Statistical analysis
Data are presented as mean ± standard deviation (n=6). Statistical analyses were performed with SAS statistical program. Statistical significance of differences amongst the groups were analyzed with one-way analysis of variance (ANOVA), followed by Duncan's test. Statistical significance was assumed at p < 0.05.
Results and Discussion

Results of root exudate metabolite analysis using GC-MS
The qualitative analysis of the root exudates of F. mandshurica was carried out using GC-MS. Two hundred and nineteen compounds were found in the root exudates of F. mandshurica. The root exudates contained lactic, acetic, oxalic, tartaric, succinic, and other small molecular organic acids such as aspartic acid, asparagine, glycine, alanine, valine, isoleucine, and leucine, amongst others. The other compounds included amino acids, xylose, fructose, glucose and other sugars. Erythronolactone, hydroxylamine, monostearin, nicotinic acid, ribitol, methylhydantoin, phytosphingosine, linoleic acid, hexadecane, sedoheptulose, and other small molecular metabolites were also present. The result agrees with those obtained in previous studies which reported the presence of many compounds in the root exudate (Luo et al., 2014; Han et al., 2015) . Luo found 62 compounds in Sedum alfredi, including organic acids, amino acids, sugars and other small molecular metabolites. Over 100 compounds were identified in Capsicum chinense Jacquin, including organic acids, amino acids, sugars and other small molecular weight metabolites (alkane, lipids, acids, alcohols, phenols, aldehydes, oxime, pyrrolidone, amide, amine and naphthalene compounds) (Han et al., 2015) . The type of compound present in plant exudates is determined by factors such as species of plant, period of growth, nutrient level and environmental pressure (Carvalhais et al., 2011; Selvakumar and Panneerselvam, 2012) . The present study also found that the compounds in root exudates of F. mandshurica varied at different collection times. Therefore, a metabolomics analysis was carried out on the original data of GC/MS (CDF format), so as to identify the differences in levels of metabolites of root exudates of F. mandshurica as a function of time of collection. Plots of PCA scores ( Fig. 1-a) showed that samples at different collection times had a preliminary clustering trend, meaning that metabolites in samples collected at different times were different. In addition, quality control samples were clustered and distributed in the score map, indicating an improvement in the stability of the detection platform. The results of the PLS-DA score plots ( Fig. 1-b sample distribution for samples collected from 6 h to 24 h showed a gradual and progressive relationship. Through model verification analysis (Fig. 2) , this study found that the interpretations of the model for X and Y variables were R 2 X=0.441 and R 2 Y=0.907, respectively, and the prediction of the variable Q 2 Y was 0.622, which showed that the model was of good quality. After 999 permutation tests, R 2 -interposition was 0.593, Q 2 -interposition was −0.450, and all random permutations produced R 2 Y and Q 2 values smaller than the original R 2 Y, Q 2 values, indicating that the PLS-DA model was robust. 
Overfitting of the model was discriminated using R 2 -intercepts and Q 2 -intercepts
Results of the loading plot of the PLS-DA model (Fig. 3) showed that the samples from different collection times differed significantly, and the differential metabolites were identified using VIP analysis. These included glycolic acid, acetophenone, glucose- The results showed that the secondary metabolites accounted for a larger proportion of the metabolites that differed significantly at different collection times, while the sugars, amino acids, and small molecular organic acids were not significantly different amongst root exudates of F. mandshurica collected at different times. The results are in agreement with the findings of previous studies, which were mainly focused on sugars, amino acids, and organic acids (Huang et al., 1996; Maqsood et al., 2011; Carvalhais et al., 2011) . Therefore, the present study quantitatively analyzed the sugar, amino acid, and organic acid compounds in the root exudate of F. mandshurica, and investigated how these compounds varied at different collection times. This was with a view to determining the optimal collection time of the root exudate. 
Results of amino acid analysis of root exudates using UPLC
Qualitative analysis was done using the retention time of chromatographic peaks ( Fig. 4) , while quantitative analysis was carried out using the external standard method. Results of amino acid analysis of root exudates from F. mandshurica ( Table 1) showed that the primary amino acids were Asp, Asn, Gly, Ala, Val, Ile, and Leu. There was a wide variation in amino acids between the results obtained from UPLC analysis and results from GC-MS analysis. There were fewer amino acids in UPLC analysis results than in GC-MS analysis results. This variation was probably due to the fact that the detection limit of GC-MS is lower than that of UPLC. Thus, when the amino acid content is low, it may be below the lower limit for UPLC detection, resulting in inability of the UPLC method to detect some amino acids. It was also found that the varieties and the contents of amino acids varied significantly at different collection times. The amount and varieties of amino acids found initially showed significantly increasing trend as the collection time increased (0-12 h), but decreased significantly after 12 h. Indeed, only Gly was present in the root exudates at 18 h and 24 h. This occurred because the amino acids from root exudates were used as nitrogen substrates by F. mandshurica. Thus, with continuous use, the amino acids were close to depletion at 18-24 h. Therefore, the best time to collect the root exudates for the determination of amino acid content is 12 h. The content of Gly was the highest among the various amino acids of root exudates. The contents of Leu, Val, and Ile were also high. However, the contents of Ala, Asp, and Asn APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 17 (4) were the lowest at 12 h, based on analysis of variance. Therefore, in the present study, UPLC had a lower detection limit for amino acids, relative to previous studies that used amino acid analyzer Pan et al., 2016) . Thus, the UPLC method employed here can be used for the determination of low levels of amino acids in root exudates. Figure 4 . Ultra-high performance liquid chromatography (UPLC) chromatogram of amino acid standards at concentration of 100 nmol/mL. Retention times of amino acids for: peak 1, arginine (Arg), 1.083 min; peak 2, glutamic acid (Glu), 1.750 min; peak 4, serine (Ser), 4.016 min; peak 5, asparagine (Asn), 4.250 min; peak 6, glutamine (Gln), 5.050 min; peak 7, histidine (His), 5.283 min; peak 8, glycine (Gly, 5.550 min; peak 9, threonine (Thr), 5.783 min; peak 10, argnine (Arg), 6.850 min; peak 11, alanine (Ala), 7.150 min; peak 12 
Analysis of sugars in root exudates by HPIC
Quantitative analysis of sugars in root exudates was done with HPIC using retention times of chromatographic peaks (Fig. 5) , while quantitative analysis was done using the external standard method. The results of the analysis of sugars in root exudates of F. mandshurica ( Table 2) showed that the major sugars were Fuc, Ara, Gal, Glc, Xyl, Man, Fru, and Glc-AC. The types of sugars identified varied greatly between the results for HPIC and GC-MS http://www.aloki.hu • ISSN 1589 1623 (Print) • ISSN 1785 0037 (Online) DOI: http://dx.doi.org/10.15666/aeer/1704_95299545  2019, ALÖKI Kft., Budapest, Hungary analyses, with HPIC showing much smaller amounts and fewer types of sugars than GC-MS. This occurred probably because GC-MS detected smaller amounts of sugars than HPIC. Other sugars were present in low levels in the root exudates, but the amounts were lower than the HPIC detection limit. It was also found that the type and amounts of sugars differed significantly at different collection times. The amounts and varieties of sugars tended to increase significantly as the collection time increased (0-12 h). Figure 5 . High performance ion chromatography (HPIC) chromatogram of sugar standards at concentration of 30 ug/mL. the retention times were: peak 2, fucose (Fuc), 3.67 min; peak 3, arabinose (Ara), 7.35 min; peak 4, galactose (Gal), 10.48 min; peak 5, glucose (Glc), 12.17 min; peak 6, mannose (Man), 12.98 min; peak 7, xylose (Xyl), 14.15 min; peak 8, fructose (Fru), 15.12 min; peak 9, ribose (Rib), 15.62 min; peak 11, galacturonic acid (Gal-AC), 32.67 min, and peak 12, glucuronic acid (Glc-AC), 34.60 min. Peaks 1 and 10 were solvent peaks However, the amount and varieties of sugars decreased significantly after 12 h. This occurred because F. mandshurica utilized the sugars from the root exudates as carbon substrates. Thus, the amount of sugar left decreased with time, and was almost exhausted at 24 h. Interestingly, the content of xylose did not vary significantly after 12 h, probably because the coefficient of xylose by plants and microorganisms is low (Jeffries, 1983 of F. mandshurica was 12 h. The content of Glc was the highest among the sugars in the root exudates, while the contents of Ara, Gal, Xyl, Man, Fru, Glc-AC were higher, with Fuc being the lowest in quantity at 12 h, based on analysis of variance. Therefore, in the present study, HPIC had a lower limit of detection, relative to previous studies which used the anthrone and phenol-sulfuric acid colorimetric assay methods (Zhang et al., 2016; Jiang et al., 2018) . Thus, the HPIC method used here can be used for the determination of low levels of sugars in root exudates.
Analysis of organic acids in root exudates using HPIC
The quantitative analysis of organic acids in root exudates was done with HPIC using external standard method, while qualitative analysis was done using the retention time of chromatographic peaks (Fig. 6) . The results of the analysis of organic acids in root exudates of F. mandshurica ( Table 3 ) showed that the major organic acids were propionic, valeric, lactic, succinic, tartaric, and oxalic acids. Figure 6 . High performance ion chromatography (HPIC) chromatogram of organic acid standards at concentration of 40 μg/mL. Retention times were: peak 1, lactic acid, 9.27 min; peak 2, acetic acid, 9.95 min; peak 3, propionic acid, 11.58 min; peak 4, formic acid, 12.51 min; peak 5, isobutyric acid, 13.45 min; peak 6, butyrate acid, 14.57 min; peak 7, isovalerate acid, 18.10 min; peak 8, valerate acid, 21.46 min; peak 10, isohexadecanoic acid, 25.30 min; peak 11, hexadecanoic acid, 27.02 min; peak 13, succinic acid, 34.05 min; peak 14, tartaric acid, 34.80 min, and peak 15, oxalic acid, 37.20 min. Peaks 9, 12, 16 , and 17 were solvent peaks These results are similar to those reported by other workers (Niu et al., 2017; Wu et al., 2018) . The types of organic acids varied greatly between results from HPIC and GC-MS analyses, with HPIC being less sensitive in the detection of organic acids than GC-MS. This is due to the fact that GC-MS is more sensitive than HPIC, and so can detect smaller amounts of organic acids. Other organic acids were present in low levels in the root exudate, but the amounts were lower than the detection limit of HPIC. It was also found that the types and amounts of organic acids varied significantly at different collection times. The types and varieties of organic acids present tended to increase over time (0-12 h), with slight declines after 12 h. Again, this trend is most likely due to the fact that F. mandshurica used the organic acids as carbon substrates, leading to their decline in concentration with time. Therefore, the best collection time for the determination of organic acid content of root exudates of F. mandshurica is 12 h after collection of the roots. Tartaric acid was found in the highest amount among the organic acids of root exudates, while higher levels of propionic, succinic, and oxalic acids were present at 12 h.
Conclusion
The results obtained in this study indicate that time of collection has a strong influence on the varieties and concentrations of organic compounds in the root exudate of F. mandshurica obtained using water culture collection method. The collection time for qualitative analysis of sugars, amino acids, and organic acids with GC-MS can be arbitrary chosen within 24 h, theoretically. However, the use of GC-MS in the present study has shown the presence of 219 compounds in the root exudates of F. mandshurica, with the highest contents at collection time In the present study, the optimal collection time for quantitative analysis of sugars, amino acids, and organic acids using UPLC and HPIC target analysis methods was 12 h. The HPIC detection limit for sugar content and organic acid content was 0.1 μg/mL. However, the HPLC detection limit of sugar content in root exudates was 3 μg/mL (Gao et al., 2017) , while the detection limit using anthrone and phenol-sulfuric acid colorimetric assay was 10 μg/mL (Zhang et al., 2016) . In another study, the HPLC detection limit of organic acid content in root exudates was 12.5 μg/mL (Gao et al., 2018) . Thus, the UPLC and HPIC target analysis methods have low detection limits and relatively wider linear ranges than the current methods. Therefore, the UPLC, HPIC target analysis methods provide a good quantitative analytical method for identification and measurement root exudates. We believe that these methods should be popularized and http://www.aloki.hu • ISSN 1589 1623 (Print) • ISSN 1785 0037 (Online) DOI: http://dx.doi.org/10.15666/aeer/1704_95299545  2019, ALÖKI Kft., Budapest, Hungary widely used. Forest researchers will need to consider the collection time when gathering root exudates so as to maximize the accuracy of results from qualitative and quantitative analyses of root exudates. In addition, the water culture system used to collect root exudates in this study is free from external interferences. However, there are many microorganisms in the actual rhizosphere. These microorganisms use the exudates to carry out their own metabolic activities, thereby affecting the results of measurements. Therefore, more studies are needed on methods of determination of root exudates in rhizosphere environment, the dynamic changes in root exudates, changes in root exudates under different external influences, and mechanisms involved in plant-soil-microbe interactions mediated by root exudates.
